The polymer blend effect in the fabrication of uniaxially oriented thin films of a mesogenic phthalocyanine, 1, 4, 8, 11, 15, 18, 22, ), by contact freezing was studied. Contact freezing was induced by thermal stimulation to a supercooled liquid crystal state of the mixture of C6PcH 2 and poly(3-hexylthiophene) (P3HT). With the blending of P3HT with C6PcH 2 at an appropriate blend ratio, the cracks observed in a pure C6PcH 2 film disappeared while maintaining the uniaxial alignment of C6PcH 2 . The polymer blend effect was discussed by taking the anisotropic optical absorption and molecular stacking structure in the thin films into consideration.
Introduction
Organic semiconductors have attracted considerable attention because of their unique properties, such as flexibility and light weight. [1] [2] [3] In pioneer works on organic semiconductors, the thin films fabricated by vacuum vapor deposition were mainly used because of the limited processability of the materials. [4] [5] [6] The recent progress of the material development realized the high solubility of organic semiconductors and enabled the solution process for thin film fabrication, [7] [8] [9] which must have many advantages, such as large-area printing and low cost.
One of the organic semiconductor materials, phthalocyanine, and its metal complexes exhibit high stability and semiconducting properties, so their device applications, such as organics solar cell and transistors, were previously proposed. 6, 10) Since conventional phthalocyanines exhibit low solubility, 11) the vacuum evaporation technique was typically adopted for thin film fabrication. To improve the solubility of such phthalocyanines in typical organic solvents, the chemical modification of their core, such as alkyl chain substitution, was carried out. 12, 13) One of the alkyl-substituted phthalocyanines, 1,4,8,11,15, 18,22,25- octahexylphthalocyanine (C6PcH 2 ), the eight hexyl substituents of which are introduced to the nonperipheral positions of the phthalocyanine core, does not only exhibit high solubility, but also a hexagonal columnar liquid crystal (LC) phase.
14) C6PcH 2 also demonstrates high ambipolar carrier mobility along the column axis exceeding 1.4 and 0.5 cm 2 V −1 s −1 for holes and electrons in time-of-flight measurement, respectively. 15) C6PcH 2 thin films could be easily fabricated by wet processing techniques, such as spin coating and drop casting, 16, 17) and C6PcH 2 -based thin-film solar cells with high power conversion efficiency exceeding 4% were previously reported as an electronic device application. 18) In spin-coated films, however, the column axis of the columnar structure constructed with C6PcH 2 molecules was oriented randomly similarly to a polycrystal, 19) resulting in a low carrier mobility because of the grain boundary. 20) For demonstrating the excellent characteristics of C6PcH 2 in electronic devices, the development of the fabrication technique to realize a uniform molecular alignment in thin films or single crystalline thin films must be important. 21) Recently, uniaxially oriented thin films induced by contact freezing at the supercooled LC state of C6PcH 2 have been reported. 22) Contact freezing is a crystallization phenomenon, which originates from crystal nucleation generated by stimulating substances in a supercooled state. 23) C6PcH 2 exhibits the supercooled LC state in the temperature range between 139 and 161°C, and the typical contact freezing of C6PcH 2 was demonstrated at 160°C. 22) In the process of cooling to room temperature after contact freezing, although the molecular orientation is completely maintained, many cracks are generated in the thin films owing to thermal shrinkage, which should be a problem because they interrupt carrier transport in electronic devices.
On the other hand, heated spin coating was carried out to investigate the optical anisotropy of C6PcH 2 -oriented thin films in our previous work. 24) In the heated spin-coated C6PcH 2 film, similar cracks also appeared in the process of cooling to room temperature; however, the cracks could be suppressed by mixing a π-conjugated polymer, poly(3-hexylthiophene) (P3HT). 25) A similar P3HT blend effect was partly reported in the uniaxially oriented C6PcH 2 thin films fabricated by contact freezing; 26) however, the details still remain to be understood.
In this study, the P3HT blend effect for the uniaxially oriented C6PcH 2 thin films fabricated by contact freezing was studied. To clarify the molecular orientation and crystal structure in the thin films, polarized optical absorption and X-ray diffraction (XRD) measurements were carried out, and the optical anisotropy and crack suppression were discussed. Figure 1 shows the molecular structures of C6PcH 2 and P3HT. C6PcH 2 was synthesized and purified as reported previously. 15) P3HT was used as purchased (Merck Lisicon SP001). A glass substrate was cleaned using an ultrasonic cleaner with acetone and then isopropanol for 15 min each. A mixture solution of C6PcH 2 and P3HT was prepared using toluene as a solvent. The weight mixing ratio of P3HT in the mixture was controlled to be 0, 10, 20, and 30 wt %. The C6PcH 2 :P3HT mixture solution was spin-coated onto a cleaned glass substrate at 500 rpm for 60 s under nitrogen atmosphere. The thickness of the thin films was made almost constant at approximately 300 nm. The spin-coated thin film was mounted on a hot plate and heated to a LC temperature of 165°C at a rate of 20°C=min, and then cooled to a supercooled LC temperature T +°C at a rate of 5°C=min. T + was set to 160, 158, 156, and 154°C in the order of the lower mixing ratio of P3HT. At the supercooled LC temperature, contact freezing was carried out by bringing a roomtemperature metal blade into contact with the thin film. Then, the thin film on the substrate was cooled to room temperature.
Experimental procedure
The thermal phase transition behavior of the mixture of C6PcH 2 and P3HT was observed by differential scanning calorimetry (DSC; TA Instruments Q2000) at scanning rate of 5°C=min. The thin films were observed using a polarized optical microscope (Nikon Eclipse E600POL) equipped with a hot stage (Linkam LTS-350). The surface profile of the thin films was observed by atomic force microscopy (AFM; Shimadzu SPM-9700).
The optical anisotropic properties and optical axis directions of the thin films were clarified by measuring the polarized optical absorption spectrum. The measurement system consisted of a polarized optical microscope (Nikon Eclipse LV100POL) connected to a spectrometer (Hamamatsu PMA-11), the observed spot diameter of which was approximately 100 µm. XRD patterns of the thin films were measured using an X-ray diffractometer (Rigaku Smartlab) with the Cu Kα line, the wavelength of which was 0.15418 nm. Such measurements were carried out at room temperature.
Results and discussion
The phase sequences of the mixtures of C6PcH 2 and P3HT were investigated by DSC measurement, and the existence of the supercooled state of the mixtures was confirmed. Figures 2(a) and 2(b) show the DSC thermograms of the mixture of C6PcH 2 and P3HT in the heating and cooling processes, respectively. In the heating of C6PcH 2 , the crystal-crystal transition at 132°C, the crystal-LC transition (melting point) at 161°C, and the LC-isotropic phase transition (clearing point) at 170°C appeared. In the cooling of C6PcH 2 , the isotropic-LC phase transition at 169°C and the LC-crystal transition at 139°C appeared. In the case of blending P3HT, the melting point was found to be almost the same as that of pure C6PcH 2 , whereas the clearing point tended to decrease as the P3HT blend ratio increased. From the DSC thermograms, the phase diagram of the mixture of C6PcH 2 and P3HT in the cooling process was partly determined as shown in Fig. 2(c) . It is noted that the mixture of C6PcH 2 and P3HT also exhibited the supercooled LC state at any P3HT blend ratios below 30 wt % at least. Figure 3 shows the polarizing micrographs of the thin films at room temperature after contact freezing. In the case of pure C6PcH 2 , the crystal growth occurred from the blade contact site and continued until the front of crystal growth reached the edge of the substrate, resulting in the uniaxial alignment in a macroscopic-scale area as shown in Fig. 3(a) , the details of which were reported in our previous work. 22) As the P3HT blend ratio increased, the domain size became smaller and optical axis directions were disordered as shown in Figs. 3(b) and 3(c) . When the P3HT blend ratio was 30 wt %, the crystal growth involved with contact freezing was limited on the line of contact by the metal blade, and the uniaxial orientation was not obtained macroscopically as shown in Fig. 3(d). Figures 3(e)-3(h) show the highmagnification images of Figs. 3(a)-3(d) , respectively. In the case of pure C6PcH 2 , many long linear cracks were observed as shown in Fig. 3(e) , corresponding to the previous results about the thin films fabricated by heated spin coating. 24) On the other hand, the texture of the thin films changed depending on the P3HT blend ratio, and the linear cracks were not observed in the blended films with 10 and 20 wt % P3HT. That is, the generation of the linear cracks was suppressed by mixing P3HT. When the P3HT blend ratio was Jpn. J. Appl. Phys. 57, 04FL09 (2018) T. Kitagawa et al.
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30 wt %, granular and dark textures corresponding to C6PcH 2 and P3HT were observed, respectively, indicating that the excess P3HT mixing induced the microscopic phase separation of C6PcH 2 and P3HT. It is considered, therefore, that the continuous crystal growth did not occur through contact freezing owing to this separation, resulting in the random alignment. Figure 4 shows the AFM images of the thin films at room temperature after contact freezing. At P3HT blend ratios of 10 and 20 wt %, linear domain boundaries, which seem to be thin cracks, were observed as shown in Figs. 4(b) and 4(c) . The line width of the boundaries was almost the same at 10 and 20 wt % P3HT blend ratios, but much narrower than that of the cracks in the pure C6PcH 2 film as shown in Fig. 4(a) . When the P3HT blend ratio was 30 wt %, a granular surface image was observed. Therefore, it is considered that the excess P3HT mixing induced the microphase separation owing to the molecular aggregation rather than the crack suppression. The root-mean-square surface roughnesses on the small domains were about 2.64, 4.06, and 4.06 in the thin films with P3HT blend ratios of 0, 10, and 20 wt %, respectively. That is, blending P3HT slightly coarsened the thin film surface. Figure 5 shows the polarized absorption spectra of the thin films at room temperature after contact freezing. The red and black lines show the absorption spectra when the polarization direction of incident light was perpendicular and parallel to the crystal growth direction, respectively. Since the absorption at around 700 nm is based on the optical transition for the Q-band of phthalocyanine, the absorbance should be the maximum or minimum when the polarization direction of incident light corresponds to the in-plane or out-of-plane direction of the phthalocyanine core, respectively. 27) Without mixing P3HT, the absorbance under the perpendicular condition was much higher than that under the parallel condition. It is considered, therefore, that the column axis direction corresponded to the crystal growth direction, namely, the crystal growth along the column axis direction occurred predominantly.
At P3HT blend ratios of 10 and 20 wt %, when the uniaxial orientation was obtained as mentioned above, although the dichroic ratio slightly decreased depending on the P3HT blend ratio, a clear optical anisotropy could be also observed. At the P3HT blend ratio of 30 wt %, the anisotropic absorption was not observed at all. The uniaxial orientation of C6PcH 2 disappeared with the excess P3HT mixing. The absorption based on the optical transition of P3HT was observed at around 550 nm in the mixture films. The absorbance was completely constant regardless of the polarization direction and the intensity increased with the P3HT blend ratio. That is, the molecular orientation of P3HT must be random in the mixture films after contact freezing, and the results indicating an interaction between the oriented C6PcH 2 domains and the P3HT molecules were not obtained from these absorption spectra. Figure 6 shows the XRD patterns of the thin films at room temperature after contact freezing. As shown in Fig. 6(a) , the sharp diffraction peaks corresponding to the lattice spacing for the vertical direction to the column axis in the C6PcH 2 hexagonal columnar structure were observed at around 2θ = 4.9, 14.7, and 19.6°. 28, 29) The weak diffraction peaks originating from the inter chain distance between the main chains of P3HT were observed at around 2θ = 5.4°. 30) At the P3HT blend ratio of 30 wt %, since the diffraction peaks originating from both C6PcH 2 and P3HT were observed, it is considered that both C6PcH 2 and P3HT aggregated to induce the microphase separation, resulting in the formation of respective domains. At P3HT blend ratios of 10 and 20 wt %, only the peaks based on C6PcH 2 were observed, indicating that P3HT hardly aggregated and seemed to be uniformly mixed in the thin film. As shown in Fig. 6(b) , the full widths at half-maximum of the peaks at 2θ = 4.9°were almost the same; therefore, it is considered that blending a small amount of P3HT, such as 10 wt %, maintains the crystallinity and molecular orientation of C6PcH 2 in the thin films.
Conclusions
The P3HT blend effect in the fabrication of uniaxially oriented C6PcH 2 thin films by the contact freezing was investigated. In the thin film with low P3HT blend ratio, such as 10 wt %, cracks were successfully suppressed while maintaining the molecular orientation and crystallinity of C6PcH 2 . Using molecularly oriented thin films with C6PcH 2 , further studies about the intrinsic high carrier transport and electrical anisotropy are expected. The detailed investigation about the electrical properties of the oriented thin films with C6PcH 2 including P3HT is now in progress and would be reported elsewhere. 
